Mitochondria are key eukaryotic organelles that evolved from an intracellular bacterium, 33 in a process involving bacterial genome rearrangement and streamlining. As 34 mitochondria cannot form de novo, their biogenesis relies on growth and division. In 35 human cells, mitochondrial division plays an important role in processes as diverse as 36 mtDNA distribution, mitochondrial transport and quality control. Consequently, defects 37 in mitochondrial division have been associated with a wide range of human pathologies. 38
Introduction 54
Mitochondria are key eukaryotic organelles, which have retained their own genome and 55 are delimited by two membranes. The bacterial origin of mitochondria originally 56 proposed by Lynn Margulis (then Lynn Sagan 1 ) is now largely accepted, and even complex 57 mitochondrial features, such as the inner mitochondrial membrane invaginations termed 58 cristae, have recently been shown to be evolutionarily conserved in specific bacterial 59 lineages 2 . However, one conundrum is the apparent lack of evolutionary conservation of 60 the division machinery between bacteria and mitochondria of fungi and metazoa. 61
Division is an essential process for both bacteria and mitochondria. In the vast 62 majority of bacteria, cell division is performed by a multiprotein complex, at the heart of 63 which lies the tubulin homologue and evolutionarily conserved protein FtsZ 3-5 . In 64 bacteria, FtsZ assembles early at prospective fission sites, forming the Z-ring and 65 recruiting several additional proteins to mediate cell division (reviewed in 6,7 ). 66
Mitochondrial fission is necessary for proper distribution of the organelle during 67 mitosis and in highly polarized cells 8 and the dynamic equilibrium between fission and 68 fusion is tightly connected to mitochondrial function in both human and yeast cells 9 . At 69 the molecular level, important differences exist between organisms. While several 70 protists have retained key components of the bacterial division machinery, none have 71 been detected in fungi and metazoa 10 , where mitochondrial fission is thought to be 72 governed by a cytosolic machinery 11 . An intermediate situation has been described in the 73 red alga Cyanoschizon merolae, where assembly of an intramitochondrial FtsZ-based 74 fission machinery appears coordinated with the assembly of a cytosolic Dynamin-based 75 fission machinery 12, 13 . In human cells a series of events involving the ER, the actin and 76 septin cytoskeleton and receptors on the mitochondrial outer membrane (OMM) 77 culminates in the assembly of a dynamin-related protein (Drp1) on the OMM 8 ; Drp1 then 78 constricts mitochondria, leading to division, with potential synergistic action of Dyn2 14-79 16 . Fission ensues after constriction beyond a critical threshold 17 . During mitochondrial 80 fission the two membranes that delimit mitochondria represent a challenge, as fusion 81 between the outer and inner mitochondrial membranes has to be prevented to avoid 82 leakage of mitochondrial content ( Fig 1A) . One possible scenario is that the inner 83 membranes reach the necessary curvature and fusogenic distance earlier than the outer 84 membrane, spontaneously fuse and retract, leaving only the outer membranes to fuse, 85 leading to abscission of the two daughter mitochondria. Other scenarios invoke the 86 presence of molecular machineries that either "insulate" the outer from the inner 87 membrane during fission, or that specifically promote fission of the matrix compartment. 88
The latter hypothesis appears the most likely, as a matrix-localized, "bacteria-like" fission 89 machinery with homologs of the bacterial division protein FtsZ at its core has been 90 identified in several protists 10,18-21 . In light of the monophyletic origin of mitochondria, 91
we and others postulated that metazoan mitochondria would also harbour a fission 92 machinery located in the matrix 8, 22 . Indeed, fission of the matrix compartment has been 93 observed in the absence of outer membrane fission in several metazoans [23] [24] [25] [26] . However, 94 previous attempts at bioinformatic identification of a bacteria-derived division 95 machinery in metazoan mitochondria based on sequence similarity have failed 10, 27 . We 96 hypothesized that the internal fission machinery of mitochondria might nevertheless 97 have retained a certain degree of structural conservation with respect to its bacterial 98 ancestor. To test this hypothesis, we asked whether the key orchestrator of bacterial cell 99 division FtsZ would be able to induce mitochondrial fission in mammalian cells. We 100 engineered synthetic constructs that allowed targeting of bacterial FtsZ into the 101 mitochondrial matrix and found that alphaproteobacterial FtsZ (mt-aFtsZ) specifically 102 localized at mitochondrial fission sites and substantially increased mitochondrial fission 103 levels. As several proteins concur to recruit FtsZ to the membrane in bacteria, we explored 104 which mitochondrial proteins might play this role in our experimental system. Among the 105 interaction partners of mt-aFtsZ that we identified, we tested five transmembrane 106 mitochondrial proteins, four of which induce mitochondrial fission upon overexpression, 107 potentially representing new players in mammalian mitochondrial dynamics. 108
109
Results 110 111
Mitochondrial expression of alphaproteobacterial FtsZ induces mitochondrial 112 fission 113
To achieve fission of the mitochondrial matrix compartment, we hypothesized that 114 mammalian mitochondria would contain a protein-based inner fission machinery (IFM). 115
Given the endosymbiotic origin of mitochondria, we reasoned that the IFM would not 116 have evolved de novo and even though not detectable by sequence similarity 10,27 , it would 117 still share structural features with the bacterial fission machinery. 118
To test whether mitochondria contain an IFM in the matrix that can interact with a 119 bacterial fission protein, we decided to transiently express bacterial FtsZ in human cell 120 lines (U2OS and HeLa). To this end, we constructed synthetic versions of FtsZ, which were 121 codon-optimized for expression in human cells and fused to an N-terminal mitochondrial 122 targeting sequence to allow import into the mitochondrial matrix, and a C-terminal tag to 123 allow detection ( Fig 1B) . Although mitochondria have long been thought to derive from 124 alphaproteobacteria 28-33 , recent work suggests that mitochondria evolved from a 125 proteobacterial lineage which branched off before the alphaproteobacteria 34 . As the 126 precise bacterial lineage that gave rise to mitochondria remains a matter of debate, we 127 chose to express synthetic versions of both gamma-and alphaproteobacterial FtsZ 128 (Escerichia coli and typhus group Rickettsia respectively, referred to as mt-aFtsZ and mt-129 gFtsZ). Immunofluorescence analysis of flag-tagged mt-aFtsZ showed that it localized to 130 mitochondria ( Fig 1C) in virtually all transfected cells (99.5±1.7%, n=1469, N=6 131 independent experiments). In 0.5±1.6% mt-aFtsZ was expressed at very high levels, 132 formed filaments that colocalized with microtubules (Suppl. Fig 1A) and displayed 133 dramatic mitochondrial fragmentation and perinuclear aggregation (suppl Fig 1B) . In 134 cells where mt-aFtsZ localized to mitochondria, those with intermediate and low levels 135 of expression allowed the detection of mt-aFtsZ punctae, which appeared to accumulate 136 at mitochondrial matrix constrictions. In contrast, mt-gFtsZ or the control construct mt-137 GFP did not accumulate at constrictions and often displayed a more even staining ( Fig 1C) . 138
We then tested a C-terminal deletion mutant of mt-aFtsZ (mt-aFtsZDCT) and found that 139 it was able to polymerize in some cells ( Fig 1C, suppl Fig 1C) , but failed to localize at 140 constrictions, in agreement with previous findings showing that while C-terminal deletion 141 mutants of FtsZ are able to polymerize in E.coli, they do not support bacterial division 35 . 142
Next, we asked whether the ultrastructure of mitochondrial constrictions was 143 affected by mt-aFtsZ. To do so we combined light microscopy with high pressure freezing 144 electron microscopy in a correlative approach allowing us to focus on cells with 145 intermediate expression levels. Mitochondrial constrictions did not qualitatively differ 146 between mt-GFP and mt-aFtsZ expressing mitochondria, which displayed an inner 147 diameter of 41.6nm versus 40.8nm respectively and an outer diameter of 57.1nm versus 148 62.7nm (suppl Fig 1D) . 149
Given that mt-aFtsZ was found at constriction sites, we analysed whether it would 150 induce mitochondrial fission by quantifying mitochondrial morphology with the semi-151 automatic ImageJ plugin MiNA. This analysis showed that full length mt-aFtsZ induced 152 mitochondrial fission ( Fig 1C, suppl Fig 1E) . We validated our results by using a different 153 cell line (HeLa) and manually measuring mitochondrial length (suppl. Fig 1F) , which 154 revealed a dose-dependent effect on mitochondrial fission. In addition, the slightly thicker 155 mitochondria of HeLa cells allowed us to discern mt-aFtsZ -labelled matrix constrictions 156 with non-constricted outer membrane, supporting previous reports showing that matrix 157 constriction can occur in the absence of outer membrane constriction 25,26 . 158 These data show that in contrast to mt-gFtsZ, mt-aFtsZ specifically localizes to 159 mitochondrial matrix constrictions and affects mitochondrial morphology, suggesting 160 that it labels mitochondrial matrix fission sites. 161 162
mt-aFtsZ localizes at mitochondrial fission sites prior to Drp1 recruitment 163
To assess whether mt-aFtsZ labeled constrictions indeed proceed to complete abscission, 164
we followed GFP tagged mt-aFtsZ in mitochondria of live cells. Full length mt-aFtsZ 165 labeled the vast majority of all fissions we observed (86.3%, n=73, N=6), accumulating at 166 prospective fission sites and often distributing to the tips of both daughter mitochondria 167 upon abscission (Fig 2A) . In contrast, the C-terminal deletion mutant mt-aFtsZDCT did 168 not consistently label fission sites ( Fig 2B) and was found at up to 1.3µm from the fission 169 site in 8 out of 11 fissions (N=4). In agreement with these findings, mt-aFtsZDCT 170 displayed an almost two-fold decrease in inner mitochondrial membrane localization 171 compared to full-length mt-aFtsZ as assessed by immune-electron microscopy (Fig 172 2C/D). In addition, we noticed that mt-aFtsZ induced a zipper-like phenotype with 173 regular, closely apposed cristae, which we also observed by high pressure freezing 174 electron microscopy. 175
Next, we investigated the spatiotemporal relationship between mt-aFtsZ and 176 Drp1. A fraction of endogenous Drp1 colocalized with flag-tagged mt-aFtsZ or 177 accumulated in its close proximity in fixed cells ( Fig 2E, yellow and white arrowheads 178 respectively). Live cell imaging revealed that mt-aFtsZ precedes Drp1 recruitment during 179 mitochondrial fission ( Fig 2F) , suggesting that matrix constriction occurs prior to outer 180 membrane constriction by Drp1. In agreement with this hypothesis, we found matrix 181 constrictions that were labelled with mt-aFtsZ in the absence of outer membrane 182 constriction (suppl Fig 2) . 183
Toghether, these data indicate that matrix-localized mt-aFtsZ is a bona fide marker 184 for mitochondrial fission sites and supports a fission model in which matrix constriction 185 precedes Drp1 recruitment and mitochondrial abscission. 186 187
Replication of the mitochondrial nucleoid is not necessary for mt-aFtsZ localization 188
The punctate pattern of mt-aFtsZ localization is reminiscent of nucleoids, which have 189 been shown to accumulate at the tips of mitochondria 36, 37 . We therefore assessed the 190 spatial organization of mt-aFtsZ relative to nucleoids and found that mt-aFtsZ was 191 excluded from the area occupied by nucleoids ( Fig 3A) , in particular at mitochondrial 192 constrictions (suppl Fig 3) . However, we also detected instances where mt-aFtsZ partially 193 colocalized with nucleoids ( Fig 3A, arrowheads) . We hypothesized that this subset could 194 represent replicating nucleoids, which have been estimated to amount to 9% of the total 195 nucleoid population 38 and to mark fission sites in yeast and human 39, 40 . We thus examined 196 whether mt-aFtsZ would colocalize with a red version of the mitochondrial DNA 197 polymerase processivity subunit 2 (POLG2-mScarlet), which labels actively replicating 198 mtDNA 39 . Surprisingly, mt-aFtsZ and POLG2 did not appear to substantially colocalize 199 ( Fig 3B) . 200
This prompted us to ask whether nucleoid replication was necessary for mt-aFtsZ 201 localization and/or fission. We inhibited mtDNA replication with dideoxycytosine 202 (ddC 41 ). ddC treatment caused the nucleoid packing protein TFAM-GFP to label the entire 203 matrix compartment, reflecting mtDNA depletion ( Fig 3C) . In contrast, mt-aFtsZ 204 localization was not affected, marking mitochondrial fission sites in ddC treated and 205 control cells (Fig3C/D). Together, these data strongly suggest that mt-aFtsZ localization 206 is not dependent on nucleoid replication. 207 208
Identification of mitochondrial proteins that interact with mt-aFtsZ 209
The dynamic localization of mt-aFtsZ during mitochondrial fission suggests that it 210 interacts with a matrix-localized mitochondrial fission machinery. We therefore sought 211 to identify interaction partners of mt-aFtsZ. To this end, we immunoprecipitated Flag-212 tagged mt-aFtsZ or mt-GFP from transiently transfected HeLa cells in presence of non-213 ionic detergent (0.5% NP40), and identified co-precipitating proteins by quantitative 214 mass spectrometry. We identified 941 proteins, which only coprecipitated with mt-aFtsZ, 215 but not with mt-GFP. In addition, 119 proteins were detected in both samples, but were 216 significantly enriched in mt-aFtsZ immunoprecipitates ( Fig 4A) . 75% of the proteins we 217 identified were not mitochondrial, reflecting mt-aFtsZ interactions taking place prior to 218 its mitochondrial import and cells where mt-aFtsZ mislocalized to the cytoplasm due to 219 high overexpression. As mislocalized mt-aFtsZ colocalizes with microtubules (suppl Yme1L and Stomatin-like protein 2 47 , mitochondrial fission protein 1 (Fis1 48 ), 235 mitochondrial fission process protein 1 (MTFP1/MTP18 49 ), ATAD3B 50 , SLC25A46A 1 and 236 AFG3L2 51 , reinforcing our hypothesis that mt-aFtsZ can interact with an endogenous 237 mitochondrial matrix fission machinery. Gene ontology analysis with the DAVID software 238 highlighted an enrichment in mitochondrial inner membrane proteins (suppl fig 4A) . 239
Indeed, 74 of the 269 mitochondrial proteins (27.5%) we identified were predicted to 240 contain at least one transmembrane domain. Interestingly, previous in vitro 241 reconstitution experiments have shown that FtsZ cannot mediate unilamellar liposome 242 constriction without its membrane-anchoring partner FtsA 52 . We therefore chose to focus 243 on five highly enriched transmembrane proteins, the mitochondrial serine-threonine 244 phosphatase PGAM5, MTCH1 (mitochondrial carrier homolog 1), FAM210A, the ATP 245 synthase membrane subunit DAPIT (diabetes-associated protein in insulin-sensitive 246 tissue) and SFXN3 (Sideroflexin 3). We selected these proteins based on their enrichment 247 score and their detection in independent immunoprecipitation experiments, where beads 248 were used as a control (not shown). Among the selected candidates, MTCH1, DAPIT and 249 FAM210A have not been studied in the context of mitochondrial dynamics, while recent 250 data has implicated PGAM5 in mitochondrial dynamics 53-55 and in the course of this study 251 members of the Sideroflexin family have been shown to act as serine transporters and 252 impact mitochondrial morphology 56 . 253
We employed Flag-tagged versions to confirm mitochondrial localization of the 254 five selected candidates and assess their impact on mitochondrial morphology. 255
Morphometric analysis (MiNa) revealed that PGAM5, MTCH1, FAM210A and SFXN3 256 induced significant mitochondrial fission ( Fig 4C, suppl Fig 4B) . This phenotype was not 257 a by-product of non-specific inner membrane perturbation due to overexpression, as even 258 strong overexpression of DAPIT had no detectable effect on mitochondrial morphology. 259
At very low expression levels, flag-tagged PGAM5, MTCH1, FAM210A and SFXN3 were 260 also found at mitochondrial matrix constrictions ( Fig 4D) , supporting a possible role in 261 matrix fission. Attempts to follow the sub-mitochondrial localization of these candidates 262 in live cells using GFP fusions failed because their overexpression induced mitochondrial 263 fission or substantially mislocalized to the cytoplasm (not shown). Silencing of the 264 individual proteins did not robustly induce mitochondrial hyperfusion, and did not 265 prevent localization of mt-aFtsZ to mitochondrial constrictions (not shown), suggesting 266 possible functional redundancy. Co-silencing of two or more proteins resulted in high 267 toxicity (not shown). 268
In conclusion, we propose that PGAM5, MTCH1, FAM210A and SFXN3 represent 269 novel candidate effectors of inner mitochondrial membrane fission. 270
Discussion 271
Fission of the mitochondrial matrix in the absence of outer membrane fission has been 272 shown in metazoans, both in vivo 24 and in cellulo 23, 25, 26 . How this is achieved is unclear. 273
Although in several protozoa orthologs of the key bacterial fission protein FtsZ have been 274
shown to localize to the mitochondrial matrix and participate to mitochondrial 275 division 12,19,20 , FtsZ orthologs have not been detected in metazoans and fungi 10,27 . Here, 276
we show that when directed into human mitochondria, alphaproteobacterial FtsZ (mt-277 aFtsZ) localizes at mitochondrial fission sites and stimulates mitochondrial division. 278
Interestingly, expression of mitochondrial FtsZ from the brown alga Mallomonas 279 splendens in yeast was found to affect mitochondrial morphology 19 . Together, this data 280 suggest that human and yeast mitochondria contain a matrix-localized fission machinery 281 that is structurally similar to the bacterial division machinery, as it can accommodate 282 heterologously expressed FtsZ. indicating that mt-aFtsZ has retained features that allow 283 it to interact productively with the inner fission machinery of today's mitochondria. 284
Surprisingly, when we compared FtsZ from an alphaproteobacterium (mt-aFtsZ) 285 with that from a gammaproteobacterium (mt-gFtsZ), only mt-aFtsZ formed stable 286 assemblies that localize at mitochondrial fission sites. Polymerization is not unexpected 287 per se, as purified FtsZ has been shown to spontaneously assemble into polymers upon 288 GTP addition 57 . One possibility is that mt-gFtsZ polymers are unstable, as they are unable 289 to interact with the mitochondrial matrix fission machinery, which manifests by lack of 290 localization to mitochondrial constrictions. Another possibility is that, coming from E.coli, 291 mt-gFtsZ has adapted to the diameter of the bacterium, (~0.5µm 58 ) and therefore cannot 292 form rings in mitochondria due to spatial constrains imposed by the narrower diameter 293 of mitochondria (~0.2µm 59 ). In contrast mt-aFtsZ may have an inherent ability to adapt 294 to smaller diameters, as Rickettsiae have diameters as small as 0,1µm 60 . 295
296
How are the sites of mt-aFtsZ assembly determined? 297
The question of how the division site is defined is central also in bacterial division. In E. 298 coli, the best-studied model, two negative regulatory mechanisms have been described, 299 based on nucleoid occlusion or on the Min system 61 . No orthologs for either of these 300 systems have been detected in mitochondria 10 , where the nucleoid has been suggested to 301 act as a spatial organizer of the mitochondrial fission machinery. Consistent with this 302 view, mitochondrial fission and mtDNA dynamics are tightly linked in the red alga 303
Cyanidioschizon merolae 62 . In mammalian cells, up to 70% of all fission events have been 304 found to occur in the vicinity of a nucleoid 41 and components of the outer (cytosolic) 305 fission machinery have been suggested to sense the localization and replication status of 306 nucleoids 39 . In our hands the localization of mt-aFtsZ and mitochondrial morphology 307 were not affected by blocking mtDNA replication ( Fig 3C) , suggesting that this process is 308 not essential for IFM assembly and localization. Interestingly, in nucleoid-free E. coli 309 maxicells FtsZ localized to the midcell in a Min system -dependent manner 63 . As the Min 310 system is not conserved in human mitochondria 10 , how mt-aFtsZ localizes to fission sites 311 in the absence of nucleoids remains an open question. One possibility is that it is the inner 312 mitochondrial fission machinery and its associated proteins, such as the constituents of 313 contact sites or possibly lipid microdomains, that define mtDNA localization; this 314 situation is similar to what has been observed for the mtDNA helicase Twinkle, which can 315 associate with the inner mitochondrial membrane in the absence of mtDNA 38 . 316 317 How does mt-aFtsZ induce mitochondrial fission at the mechanistic level? 318 mt-aFtsZ clearly labels mitochondrial fission sites and stimulates fission, but we currently 319 do not know how if functions and whether it displaces components of the endogenous 320 IFM or not. In bacteria, FtsZ has been proposed to mediate constriction either 321 directly 57,64,65 , or indirectly, i.e. by recruiting the peptidoglycan synthesis machinery 66-68 . 322
Mitochondria have lost the peptidoglycan, but mt-aFtsZ might act by recruiting the lipid 323 biosynthesis machinery. In agreement with this hypothesis, we found several proteins 324 involved in lipid synthesis among the interactors of mt-aFtsZ. However, we cannot 325 exclude that mt-aFtsZ acts in a more direct manner, i.e. by physically pulling on the inner 326 membrane to promote fission of the matrix compartment. The interactions that allow the 327 recruitment of FtsZ to its membrane anchors FtsA, ZipA or SepF are mediated by the C-328 terminus of the protein, which is essential for promoting fission 7 . In agreement with this, 329 the C-terminus of mt-aFtsZ was essential to localize the protein to the mitochondrial 330 inner membrane and its deletion abolished mitochondrial fission induction. In vitro 331 experiments have shown that while FtsZ can self-assemble into contractile rings in the 332 absence of other proteins 65 , its recruitment to the membrane requires additional 333 proteins 52 . We employed an immunoprecipitation approach to identify mitochondrial 334 inner membrane proteins that could mediate the recruitment of mt-aFtsZ to the inner 335 mitochondrial membrane. With this approach, we could identify proteins that have been 336 previously implicated in mitochondrial fission and novel potential actors. 337
Here, we focused on five inner membrane proteins with an unclear role in 338 mitochondrial matrix fission: PGAM5, MTCH1, SFXN3, FAM210 and DAPIT. 339
Overexpression of DAPIT did not affect mitochondrial morphology, indicating that 340 overexpression does not per se alter mitochondrial morphology, even though the 341 mitochondrial inner membrane is one of the most protein-rich membranes 69 . In contrast, 342 mild overexpression of PGAM5, MTCH1, SFXN3 and FAM210 induced mitochondrial 343 fission. MTCH1 and FAM210 were not previously known to affect mitochondrial 344 dynamics. In our hands, even mild SFXN3 overexpression induced mitochondrial fission, 345 but previous data indicates that double deletion of SFXN3 and SFXN1 in Jurkat cells 346 caused a decrease mitochondrial length 56 . While further studies are needed to untangle 347 the precise role of SFXN3 in mitochondrial dynamics, our data confirms a role of PGAM5 348 in mitochondrial fission and adds FAM210 and MTCH1 to the growing list of inner 349 membrane proteins playing a role in mitochondrial fission. 350
It is intriguing to note that among the interactors of mt-aFtsZ we also found several 351 proteins that have been proposed to link the inner and outer membranes. One is ATAD3B, 352 a paralog of ATAD3A, an AAA+ ATPase shown to control mitochondrial dynamics and to 353 interact with both the inner and outer mitochondrial membranes 70 . We also found the 354 MICOS complex component Mic60, which has been shown to bind to the nucleoid 71 and 355 link it with two outer membrane components (the SAM complex and Metaxins 1 and 2) 356 and with the cytosolic fission machinery 45, 46 . Strikingly, we detected SAMM50 and 357
Metaxin 2 in mt-aFtsZ immunoprecipitates, suggesting at least partial integrity of the 358 complex and providing a mechanism for the observed spatiotemporal coordination of mt-359 aFtsZ and Drp1 recruitment. 360 361
Is mt-aFtsZ regulated? 362
Our live cell imaging experiments showed mt-aFtsZ localization at fission sites prior to 363 Drp1. While we detected mt-aFtsZ at virtually all fission events, not all mt-aFtsZ 364 assemblies underwent fission in a given time frame. This suggests that either only a subset 365 of mt-aFtsZ oligomers are functional, or that the IFM is preassembled and poised to act 366 upon specific triggering signals, similar to the cytosolic fission machinery based on 367 Drp1 72 . A triggering signal for the IFM may be local calcium influx at ER-mitochondrial 368 contact sites. Indeed, calcium influx has been shown to induce mitochondrial matrix 369 fission, followed by outer membrane abscission 26 . Consistent with a role of calcium in the 370 regulation of mitochondrial matrix fission, we found several regulators of mitochondrial 371 calcium influx among the proteins that co-immunoprecipitated with mt-aFtsZ. 372
Incidentally, divalent cations (including calcium) also stimulate FtsZ assembly and 373 bundling in bacteria, pointing to an evolutionarily conserved regulatory mechanism of 374 division 7,73 . 375
376
In conclusion, our work suggests the presence of a mitochondrial fission machinery in the 377 mitochondrial matrix that retained sufficient structural conservation to accommodate a 378 heterologously expressed bacterial FtsZ. To our knowledge, this represents the first bona 379 fide marker of matrix fission sites described to date and paves the way for the molecular 380 characterization of the mitochondrial matrix fission machinery. Future experiments will 381 address whether FtsZ from other bacterial species have retained the ability to 382 consistently label mitochondrial fission sites and interact with the inner mitochondrial 383 fission machinery. Our system may thus also provide a novel "evolutionary cell biology" 384 approach to understand which bacteria represent the closest extant relatives of 385 mitochondria and shed light on the debated origin of the bacterial ancestor of 386 mitochondria. 387 388
Material and Methods 389
Cloning 390
To create humanized versions of gammaproteobacterial FtsZ, the E.coli FtsZ sequence was 391 completely re-coded according to human codon usage to optimize expression in human 392 cells. To comply with local regulations, for alphaproteobacterial FtsZ, we used the R.typhii 393 sequence as to re-code the N-terminal part (aa 2-326) of FtsZ, and the R.prowazekii 394 sequence to re-code the C-terminal domain. For both constructs, we deleted the initial 395 methionine to prevent internal initiation and the terminal stop codon was replaced with 396 a glycine-serine linker to allow in-frame expression of a Flag or a GFP tag. Re-coded 397 sequences were synthesized by Genecust or as gBlocks (Integrated DNA Technologies). 398
OM-mRuby was generated by in-frame fusion of the first 215bp of human TOM20 (gBlock, 399
Integrated DNA Technologies) with mRuby. All constructs are listed in Immunofluorescence and imaging 419
Cells grown on coverslips were stained with mitotracker when necessary, fixed for 10 420 minutes in 4% paraformaldehyde (Electron Microscopy Sciences)/PBS, washed in PBS 421
and permeabilized for 5 minutes in 0.1% Triton X-100 in PBS and blocked for at least 30 422 minutes in 1% BSA and 10% goat serum. Primary antibodies (see table M2) were  423 incubated for 60 minutes in blocking buffer, followed by three washes in PBS (5 minutes) 424 and incubation with Hoechst 33258 and Alexa-labelled secondary antibodies (Thermo 425
Fisher) in blocking buffer for 30 minutes. Coverslips were then washed extensively in PBS 426 and mounted in Vectashield (Vector Laboratories). For live cell imaging, cells grown on 427
Mattek dishes were stained with mitotracker when necessary, then imaged in Fluorobrite 428 medium (Thermo Fisher) on a Roper spinning disk confocal system (Zeiss 429
AxioObserver.Z1 inverted fluorescence microscope equipped with an Evolve EM-CCD 430 camera (Photometrics) and a Yokogawa CSU-X1 spinning disc). Images were acquired at 431 37°C with a 100x NA 1.4 oil objective using MetaMorph. Cells were imaged every 20 432 seconds for 10 or 15 minutes. were selected as regions of interest and pre-processing parameters were adjusted in 440 order to obtain optimal skeletonized images of the mitochondrial network, followed by 441 extraction of mitochondrial network features such as number of individuals, branch 442 length and mitochondrial area, referred to as "mitochondrial area". To obtain a degree of 443 mitochondrial fragmentation that would be independent of the size of the mitochondrial 444 network we used the ratio of individual mitochondria and total mitochondrial area. To obtain landmarks for CLEM the pattern of an HF-15 finder grid (AGAR) was evaporated 458 with carbon on sapphire (3 mm diameter, 0.16 mm thickness, Wohlwendt instruments) 459
as described 75 . The discs with stabilized carbon pattern were sterilized by UV and coated 460 with poly-L-Lysine (Sigma-Aldrich) for cell culture. After transfection, cells were imaged 461 in medium containing 1mM Hepes after placing the disc in a glass bottom dish (MatTek) 462 using a Leica SP5 confocal microscope (Leica) and low expressing cells were selected. 463
After imaging the cells were frozen with an HPM 010 (Abra fluid Maisch GmbH) and separated with a multi-step gradient from 2% to 45% ACN at a flow 525 rate of 250 nl/min over 180 min. The column temperature was set to 60°C. The data were 526 acquired as previously described 77 . 527
Data processing: Raw data were analyzed using MaxQuant software version 1.5.3.8 78 with 528 database search parameters as described in 77 . The MS/MS spectra were searched against 529
Uniprot proteome database of Human (January 13, 2015, 20,432 entries) and mt-aFtsZ-530
Flag protein, and usual MS contaminants. Data were quantified with the MaxLFQ 531 algorithm by requiring a minimum peptide ratio count of 2. The parameter "match 532 between run" was checked. Raw data have been deposited to the ProteomeXchange 533
Consortium via the PRIDE 79 repository with the dataset identifier PXD016722. 534
Statistical and functional analysis: For the statistical analysis of one condition versus 535 another, proteins exhibiting fewer than 2 intensities in at least one condition were first 536 discarded. After log2 transformation, intensities were normalized by median centering 537 within conditions (normalizeD function of the R package DAPAR 80 ). Proteins without any 538 intensity in one condition (quantitatively present in a condition, absent in another) were 539 considered as differentially abundant. Next, missing values were imputed using the 540
imp.norm function of the R package norm. Proteins with a log2(fold-change) inferior to 1 541 have been considered as proteins with no significant difference in abundance. Statistical 542 testing of the remaining proteins was conducted using a limma t-test 81 . An adaptive 543
Benjamini-Hochberg procedure was applied on the resulting p-values to select a set of 544 significantly differentially abundant proteins with a false discovery rate of 1% 82 . The 545 proteins of interest are therefore the proteins that emerge from this statistical test 546 supplemented by those being quantitatively absent from one condition and present in 547
another. Gene ontology analysis of mass spectrometry results was performed with the 548 online softwares Panther (http://pantherdb.org/) and DAVID 549
(https://david.ncifcrf.gov/), using standard settings. Transmembrane proteins were 550 predicted using the online software TMHMM 551
(http://www.cbs.dtu.dk/services/TMHMM/). 552 553
Data availability 554
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